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OBESITY IS LINKED TO THE PATHOGENESIS of nonalcoholic fatty liver disease (NAFLD), from the seemingly benign condition of fatty liver to nonalcoholic steatohepatitis (NASH), which can lead to the more serious clinical conditions of cirrhosis and liver cancer (hepatocarcinoma). The overall prevalence of NASH in the adult US population (8%) matches the prevalence of type 2 diabetes (15) . Currently, there are no specific therapeutic treatments for NASH.
Obesity is characterized by expanded adipose tissue. Excessive secretome molecules (adipokines, cytokines, free fatty acids, and other lipid moieties) from adipose tissue may lead to an altered metabolic state with inflammation and insulin resistance and contribute to the progression of NAFLD (28) . Evidence for adipose tissue insulin resistance in obese patients with NAFLD suggests that adipose tissue expansion and/or dysfunction plays a role in NAFLD development and progression (8) . A tight relationship between the expansion of epididymal white adipose tissue (eWAT) and NAFLD development and progression in mice highly responsive to a high-fat diet support this postulate (6) .
To gain insight into the pathogenesis of NASH, obesitylinked overnutrition models have been developed based on a Western diet that is high in animal-derived saturated fats and added sugar in the form of fructose and/or sucrose, which mimics the consumption of sugar in adults (44) and children (29) . Fructose, in the presence of a high-fat diet, may exacerbate fat deposition, inflammation, oxidative stress, and fibrosis in the liver but maybe not systemic glucose intolerance and insulin resistance (3, 19, 39) . Increased fructose intake has been associated with increased hepatic fibrosis in patients with NAFLD (1) . The presence of fibrosis in the liver is an important predictor of adverse long-term outcomes, including diabetes and progression to cirrhosis (7) .
The high-fat Western diet-plus-liquid sugar consumption model of obesity in mice was originally developed as a model of NAFLD progression (3, 19, 39 ) and appears to model obese humans with mild NASH, as recently reported in a thorough analysis of the liver pathophysiology phenotype (21) . Yet, it may be a good model for other chronic conditions associated with obesity such as diabetes, cardiovascular disease, and Alzheimer's disease. A greater understanding of factors leading to hepatic and adipose tissue dysfunction in NASH and other obesity-linked conditions represents an important area of investigation, because new therapeutic targets are needed for the treatment of NASH and other obesity-linked conditions. Given the importance of the high-fat Western diet ϩ liquid sugar consumption model of obesity, little is known about the development of metabolic dysfunction in the model. In particular, it is not known whether changes in energy expenditure, activity, or food intake underlie the obese phenotype. Furthermore, whether the consumption of liquid sugar exacerbates the development of glucose intolerance, insulin resistance, and rabbit and anti-mouse IRDye 650-and IRDye 800-conjugated secondary antibodies were from Li-Cor (Lincoln, NE).
Glucose and insulin tolerance tests and insulin stimulation. A blood sample was drawn from the tail veins of conscious mice for measurements of serum glucose using a FreeStyle FLASH glucometer and strips. Animals were fasted overnight, and a glucose tolerance test (GTT) was performed using 2 g glucose/kg body wt, administered by intraperitoneal injection. Glucose readings were taken at baseline (time ϭ 0) and at 15, 30, 60 , and 120 min after injection. One week after the GTT, an insulin tolerance test (ITT) was conducted using Novolin R human insulin at 0.85 U/kg body wt administered by intraperitoneal injection. Animals were fasted (5 h), and serum glucose was tested by tail vein at baseline (time ϭ 0) and at 30, 45, 60, and 90 min after injection. The rate constant for glucose disappearance (KITT) was calculated using the formula 0.693/t1/2. The glucose t 1/2 was calculated from the slope of the least square analysis of the plasma glucose concentration during the linear decay phase. Insulin stimulation was performed in mice fasted overnight and then anesthetized with 2.5% isoflurane gas. Following opening of the abdominal cavity, insulin (12 mU/g) or sterile phosphate-buffered saline (PBS) was injected into the inferior vena cava, and then the liver and eWAT were harvested after 2 and 4 min, respectively, and then flash-frozen in liquid N2.
Metabolic phenotyping and food intake. Energy expenditure was assessed by indirect calorimetry using a computer controlled system (PromethionM; Sable Systems, Las Vegas, NV). The calorimetry system consists of eight metabolic cages, which are essentially identical to home cages with bedding. Each cage was equipped with water bottles and food hoppers connected to load cells (MM-1, Sable Systems) for food and water intake monitoring. All mice had ad libitum access to food and water throughout the study.
Respiratory gases were measured with an integrated fuel cell oxygen analyzer, spectrophotometric CO2 analyzer, and capacitive water vapor partial pressure analyzer (GA3m1, Sable Systems). Gas sensors were calibrated prior to each run with 100% N 2 as zero reference and with a span gas containing a known concentrations of 0.993% CO 2 with balance N2 (AirGas, Opelika, AL). The PromethionM system utilizes a pull-mode, negative pressure system. The multichannel mass flow generator measures and controls air flow (FR8-1, Sable Systems). The in-current flow rate was set at 2,000 ml/min. Water vapor was continuously measured, and its dilution effect on O2 and CO2 was compensated for mathematically in the analysis stream (20) . Oxygen consumption (V O2) and CO2 production (V CO2) were measured for each mouse at 7-min intervals for 1 min. Air reference values are determined after measuring every four cages. Respiratory quotient (RQ) was calculated as the ratio of V CO2over V O2. Energy expenditure was calculated using the Weir equation (42): kcal/h ϭ 60 ϫ (0.003941 ϫ V O 2 ϩ 0.001106 ϫ V CO2). Activity (ambulatory) was detected with XYZ beam arrays (BXYZ-R, Sable Systems) with a beam spacing of 0.25 cm. To assess activity, consecutive adjacent infrared beam breaks (X, Y, and Z) were scored as an activity count. Data acquisition and system control were coordinated using MetaScreen v. 2.2.8, and the obtained raw data were processed using ExpeData v. 1.8.2 (Sable Systems). The following data analysis scripts (macros) were used for data transformation: Macro 4, data summarized by circadian cycle (6 AM to 6 PM day) and Macro 13, combined metabolic uptake, and activity data acquired from each animal every 8 min.
The changes in weight of the food hoppers in the metabolic cages were not used to assess food uptake due to the observation that mice fed the HFWD consistently pulled food out of the hopper. Therefore, food uptake was assessed by manually weighing the food at 6 AM and 6 PM.
Liver tissue histological and lipid analysis. Paraffin-embedded sections were stained with hematoxylin and eosin and Masson's trichrome, examined in a blinded fashion by a board certified pathol-ogist, and then graded for steatosis by determining the overall percentage of liver parenchyma containing lipid vacuoles, with 0 ϭ none, 1 ϭ mild (Ͻ30%), 2 ϭ moderate (30 -60%), and 3 ϭ marked (Ͼ60%). Inflammation was graded by the presence or absence of inflammatory cells, with 0 ϭ absent, 1 ϭ minimal or focal occasional single clusters of inflammatory cells present in a few microscopic fields, 2 ϭ mild inflammation, 3 ϭ moderate inflammation, and 4 ϭ marked inflammation. The pattern of fibrosis was graded with 0 ϭ none, 1 ϭ portal fibrosis, 2 ϭ periportal fibrosis or rare septa, 3 ϭ septal fibrosis and architectural distortion but not true cirrhosis, and 4 ϭ cirrhosis, widespread fibrosis, and hepatocyte nodule formation. TGs were assayed using a kit from Thermo Scientific (Rockford, IL) and normalized to the protein content measured using the BCA protein assay reagent (Thermo Scientific/Pierce, Rockford, IL).
Adipose tissue histological and CLS enumeration. Paraffin-embedded sections were stained with hematoxylin and eosin and examined in a blinded fashion by a board-certified pathologist. Crown-like structures (CLS) were defined as shrunken adipocytes completely surrounded by morphologically identified macrophages and were counted on hematoxylin and eosin stained slides. Macrophage identification was verified with F4/80 cytoplasmic staining in step sections using rat anti-mouse F4/80 antibody (Abd Serotec, Raleigh, NC; Clone CI:A3-1) with Rodent Block M (BioCare Medical, Concord, CA) to reduce nonspecific staining. The entire surface area of each fat pad was counted to provide a total number of CLS per fat pad.
Adipocyte area. Slides were scanned using the Aperio ScanScope scanner (Vista, CA) and evaluated on VisioPharm software (Hoersholm, Denmark). Briefly, the entire adipocyte section was evaluated at 20ϫ increments, using the following rules, to identify and measure adipocyte area. Objects were identified and counted as adipocytes if 1) the area was between 500 and 20,000 m, and 2) it had a shape factor of 0 -0.7, where a shape factor of 1 indicates a straight line and 0 indicates a perfect circle. Approximately 80 -90% of the adipocytes were counted for each section.
Liver oxidative stress analysis. Liver samples were flash-frozen and ground in liquid nitrogen. Ground tissue (50 -100 mg) was homogenized on ice in PBS pH 7.4 buffer. 4-Hydroxy-2-nonenal (4-HNE) staining was performed using a 4-HNE (HNE11-S) antibody (Alpha Diagnostics, San Antonio, TX). Five random fields per slide were scored, and the results were determined from an average of those scores. NADPH oxidase activity was measured by the lucigenin enhanced chemiluminescence method. Briefly, 50 g of membrane protein fractionated from frozen liver was added to Krebs-Ringer buffer, pH 7.0, containing 1 mM EGTA, 150 mM sucrose, 5 M lucigenin, and 100 M NADPH. Photon emission in terms of relative light units was measured in a luminometer every 30 s for 5 min. There was no measurable activity in the absence of NADPH. Superoxide anion production was expressed as relative chemiluminescence (light) units (RLU)/mg protein. Protein content was measured using the BCA protein assay reagent (Thermo Scientific-Pierce, Rockford, IL).
Alanine aminotransferase assay. The Alanine Aminotransferase-SL Assay (Genzyme Diagnostics) was performed in 96-well plates. The change in absorbance at 340 nm at 37°C was monitored over 12 min using a Molecular Devices Spectramax spectrophotometer and SOFTmax PRO software. Alanine aminotransferase (ALT) was calculated as units/liter using the manufacturer's formula and molar extinction coefficient of NADH. Protein content was determined by the BCA assay. ALT (U/l) was normalized to protein concentration.
Apoptosis analysis. TUNEL-positive cells were detected using the DeadEnd Fluorometric TUNEL system (Promega, Madison, WI) and the manufacturer's recommendations for controls. Propidium iodide (0.25 mg/ml) was used as the counterstain. An average score was generated based on a ratio of positive nuclei to total nuclei in 3 random fields at ϫ200 magnification.
Measurement of SOD activity. Total SOD activity was measured by determining the ability to inhibit the auto-oxidation of pyrogallol using the method described by Marklund and Marklund (23) . The rate of auto-oxidation was determined by measuring increases in the absorbance at 420 nm. Reaction mixture containing 0.2 mM pyrogallol in 50 mM Tris-cacodylic acid buffer (pH 8.5) and 1 mM diethylenetriamine pentaacetic acid was incubated for 3 min at 25°C. One unit of SOD activity was defined as the amount of the enzyme required to inhibit the rate of pyrogallol auto-oxidation by 50%. SOD activity was expressed as a unit activity per milligram of protein.
Subcellular fractionation. Frozen liver tissue was ground with mortar and pestle in liquid N 2, and then 100 -150 mg groundfrozen tissue was placed in a 1.5-ml homogenization buffer containing 10 mM Tris (pH 7.4), 20 mM sucrose, 0.1 mM Na 3VO4, 100 nM okadaic acid, and 1ϫ protease inhibitor cocktail Set I (Calbiochem/EMD Biosciences, La Jolla, CA) and then precleared by centrifugation at 250 g for 5 min at 4°C. Precleared tissue was homogenized by passage through a 25-gauge needle 7-8ϫ on ice in buffer. Homogenates were centrifuged at 100,000 g for 30 min at 4°C. The supernatant was removed and designated as the cytosolic fraction. The pellet was resuspended in a buffer containing 10 mM Tris (pH 7.4), 2 mM NaCl, 1% Triton X-100, 0.1 mM Na 3VO4, 100 nM okadaic acid, and 1ϫ protease inhibitor cocktail (Pierce), incubated on ice for 30 min, and then centrifuged at 100,000 g for 30 min at 4°C. The resultant supernatant was transferred to a fresh tube and designated as the Triton-soluble (membrane) fraction.
Western blot analysis. Tissue was lysed with 50 mM HEPES, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 0.1% sodium deoxycholate, 1 mM NA3VO4, 100 nM okadaic acid, and 1ϫ protease inhibitor mixture Set I. Cellular debris was removed by centrifugation at 15,000 rpm for 15 min at 4°C. Protein content of the clarified lysate was determined using bicinchoninic acid (BCA) reagents from Thermo Scientific (Rockford, IL). Isolated proteins were denatured in SDS gel buffer, separated by SDS-PAGE, and immunoblotted. Enhanced chemiluminescence substrate was from GE Healthcare (Piscataway, NJ). Goat anti-rabbit and anti-mouse Alexa fluor 635, horseradish peroxidase-conjugated, IRDye680, and IRDye 800 secondary antibodies were used for detection and quantitation of immunoblots. Membranes were imaged using a Storm PhosphoImager (GE Healthcare) or LiCor Odyssey scanner, and blots were analyzed by Image Studio 2.0 analytical software (LiCor, Lincoln, NE).
RNA isolation and qRT-PCR. TRIzol reagent (Sigma-Aldrich, St. Louis, MO) was used to isolate total RNA from frozen tissue. RNA quantity and quality were assessed using a bioanalyzer (Agilent 2100 Bioanalyze; Agilent Technologies, Santa Clara, CA) prior to reverse transcription using the RT 2 (16) .
RESULTS
Effects of diets on body and organ weight and serum metabolites. C57Bl/6N mice aged 6 wk were placed on a LFWD or HFWD with or without 42 g/l F/S in the drinking water for up to 12 wk. The LFWD group served as the control group. The characteristics of mice at the age of 2 and 12 wk are shown in Table 1 . Mice fed the HFWDϩF/S gained the most weight at 2 and 12 wk (P Ͻ 0.05). A significant 67% increase in liver weight normalized to body weight from 2 to 12 wk was observed in the HFWDϩF/S group compared with Ͻ10% in the other groups (P Ͻ 0.05). Consistent with these results, a disease marker of hepatocyte damage, ALT, was greatest in mice from the HFWDϩF/S group at 12 wk (P Ͻ 0.05). We also found that eWAT weight normalized to body weight at 2 wk was markedly higher in the HFWDϩF/S group (P Ͻ 0.05). However, the greatest increase (132%) in normalized eWAT weight from 2 to 12 wk was observed in the HFWD group, whereas, surprisingly, an 11% decrease was observed in the HFWDϩF/S group. Serum glucose was significantly elevated in the HFWD-fed mice at 2 wk but surprisingly along with HFWDϩF/S-fed mice not at 12 wk. The lack of an effect of high fat or sucrose feeding on serum glucose has been reported by others in C57Bl/6 mice (35, 38) , although this phenomenon is not consistently observed. Unlike serum levels of glucose and TGs, serum levels of insulin were significantly higher in the HFWDϩF/S group compared with all the other groups at both the 2-and 12-wk time points (P Ͻ 0.05). Taken together, these data indicated that, compared with HFWD-fed mice, HFWDϩF/S-fed mice have significantly greater body weight and normalized liver weight with greater liver hepatocyte damage yet limited eWAT expansion.
Effects of diets on energy expenditure, substrate utilization, activity, and food intake. To gain insight into the weight gain observed in the groups, 24-h total energy intake was first assessed in group-housed mice. The HFWD-and HFWDϩF/ S-fed mice consumed more total calories per day than the other two groups at 2 wk (Table 1) . There was no difference in 24-h total energy intake between LFWD-, HFWD-, and HFWDϩF/ S-fed mice at 12 wk. Interestingly, water consumption was greatest in the LFWDϩF/S group at 2 and 12 wk. Next, the metabolic phenotype was assessed at 2 and 12 wk. Circadian energy expenditure, activity, and food consumption were de- termined using metabolic cages. At 2 wk, no significant differences were observed in total energy expenditure between the diet treatments in the day and night phases ( Fig. 1A left) . Furthermore, no differences in total energy expenditure between the HFWD and HFWDϩF/S groups in the day and night phases were observed when analyzed by ANCOVA (data not shown). Total energy expenditure was also not significantly different from the day to the night phase for the LFWD and HFWD groups. In contrast, total energy expenditure was significantly elevated between the day and night phases for the LFWDϩF/S and HFWDϩF/S groups. Total activity was not significantly different between the diet treatments in the day and night phases ( Fig. 1A right) . To examine the changes in energy expenditure, substrate utilization, and activity over a 24-h period at 2 wk, metabolic cage data were analyzed every 8 min for the 24-h period. As shown in Fig. 1C (top left and right), no statistical differences were observed in average energy expenditure between the LFWD and LFWDϩF/S groups, whereas in the comparison between the HFWD and HFWDϩF/S groups average energy expenditure was elevated in the mid-night phase in the HFWDϩF/S group. No statistical differences were observed in average substrate utilization between the LFWD and LFWDϩF/S groups or the HFWD and HFWDϩF/S groups ( Fig. 1C middle, left and right). Statistical differences in activity (pedestrian meters) traveled between the LFWD and LFWDϩF/S groups were observed in the night phase, with the mice in the LFWDϩF/S group showing more activity, although LFWD-fed mice were also observed in the day and night phases to have significantly increased activity ( Fig. 1C bottom left) . In contrast, HFWDϩF/S-fed mice were more significantly active at 10 different time points in the night phase compared with the HFWD-fed mice ( Fig. 1C bottom  right) . Circadian assessment of food intake, feeding bouts, and rate of food intake indicated that HFWDϩF/S-fed mice consumed a great amount of food in the day and night phases at 2 wk (data not shown). However, because mice removed the HFWD from the food hopper in the metabolic cages (data not shown), accurate circadian food intake was not possible in the metabolic cages. Therefore to examine circadian food intake, an independent study was performed in which the food from chow-, HFWD-, and HFWDϩF/S-fed mice was manually measured at zeitgeber time 0 (ZT0) and ZT12 in singly housed mice. As shown in Fig. 1B , HFWDϩF/S-fed mice, but not HFWD-fed mice, consumed a significantly greater amount of food than the chow-fed mice during the day phase at 2 wk. Food uptake in the HFWDϩF/S group was also significantly elevated in the night phase compared with HFWD-fed mice. Thus, our data suggest that consumption of sugary water in singly housed HFWD-fed mice results in hyperphagia independently of changes in energy expenditure.
Circadian analysis of mice fed the diets for 12 wk revealed that total energy expenditure in the day phase was significantly elevated in the HFWD and HFWDϩF/S groups compared with LFWD and LFWDϩF/S fed mice ( Fig. 2A left and right) . Consistently, no statistical differences were observed in average energy expenditure and substrate utilization during the day phase for metabolic cage data that were analyzed every 8 min (Fig. 2C top and middle, left and right) . In the night phase, total energy expenditure was also significantly elevated in the HFWD and HFWDϩF/S mice compared with LFWD-and LFWDϩF/S-fed mice ( Fig. 2A left) . In contrast, total activity was significantly reduced in the HFWD-and HFWDϩF/S-fed mice ( Fig. 2A right) . Analysis of pedestrian meters traveled revealed that LFWDϩF/S-fed mice had a greater number of significantly elevated events compared with LFWD-fed mice ( Fig. 2C bottom left) . In contrast, HFWD-fed mice had a greater number of significantly elevated pedestrian meters events than HFWDϩF/S fed mice (Fig. 2C bottom right) . No difference in food uptake was observed in the day phase between chow-, HFWD-, and HFWDϩF/S-fed mice, whereas, in contrast, chow-fed mice consumed more food than HFWDand HFWDϩF/S-fed mice in the night phase (Fig. 2B) . Our data suggest that consumption of sugary drinking water differentially effects activity in longer-term LFWD-and HFWD-fed mice.
Changes in food uptake but not total energy expenditure and total activity at 2 wk suggest an early hyperphagic response in the HFWD-fed mice consuming sugary drinking water. To examine whether the hyperphagic response was acute, manual food uptake was determined in the first 24 h following the change to the HFWD and HFWDϩF/S treatments. As shown in Fig. 3B , food intake in the day phase but not the night phase in the HFWDϩF/S-fed group was significantly elevated compared with the chow-and HFWD-fed groups. Circadian total energy expenditure and activity were also assessed over the 24-h period following the change in the diets. As shown in Fig.  3 , A and B, there were no significant differences between diet treatment groups in the day and night phases for total energy expenditure and activity.
Analysis of average energy expenditure every 8 min over a 48-h period following the change in the diets revealed few significant events when LFWD and LFWDϩF/S groups were compared ( Fig. 3C top left) and HFWD and HFWDϩF/S groups were compared ( Fig. 3C top right) . In contrast, significant reductions were observed in the night phase for RQ in LFWDϩF/S-fed mice compared with LFWD-fed mice, whereas RQ in the second day phase following the change in the diets was significantly elevated in the LFWDϩF/S-fed mice compared with LFWD-fed treatments (Fig. 3C middle  left) . No significant changes in RQ were observed between the HFWD and HFWDϩF/S treatments ( Fig. 3C middle right) . However, more significant pedestrian meter events in the day and night phases were observed in HFWD-fed mice compared with HFWDϩF/S-fed mice. These data suggest an early direct effect of liquid F/S consumption on RQ in LFWD-fed mice and food intake and activity independent of energy expenditure in HFWD-fed mice.
Effects of diets on glucose tolerance, insulin resistance, and insulin signaling. To further explore metabolic changes associated with the consumption of sugary water in LFWD-and HFWD-fed mice, we performed a glucose tolerance test (GTT) and an insulin tolerance test (ITT) at 2 and 12 wk to assess glucose tolerance and insulin resistance, respectively. Fasting glucose and insulin levels were used to assess insulin sensitivity by using the Quicki score. The GTT performed at 2 wk demonstrated that only mice in the HFWDϩF/S group displayed glucose intolerance (Fig. 4, A and C) , whereas both HFWD-and HFWDϩF/S-fed mice exhibited glucose intolerance at 12 wk (Fig. 4, B and D) . The ITT at 2 wk demonstrated that the insulin-mediated reduction in blood glucose was significantly different only at the 45-min time point between the HFWDϩF/S group and the LFWD and LFWDϩF/S groups (Fig. 4E) . However, no differences were detected in the glucose disappearance rates (K ITT ; Fig. 4G ) and Quicki score (Table 1 ). In contrast, the ITT at 12 wk indicated that insulin resistance was greatest in the HFWDϩF/S group as reflected by reduced K ITT value compared with other groups (Fig. 4, F  and H) , and the Quicki score demonstrated that HFWDϩF/Sfed mice were less insulin sensitive than HFWD-fed mice (Table 1) . To confirm and expand our findings on insulin resistance, we stimulated mice with insulin at 2 and 12 wk to assess activation of insulin signaling proteins in liver and adipose tissue. As shown in Fig. 5 , mice from all diet treatment groups at 2 wk were responsive to insulin. However, we detected a significant reduction in hepatic and adipose phospho-Akt at Ser 473 and Thr 308 phosphorylation in the HFWDϩF/S group compared with all other diet treatment groups (Fig. 5, A and B, top right) . HFWDϩF/S-fed mice also had a significantly lower level of phospho-GSK3␤-Ser9 in liver but not adipose tissue compared with the other groups (Fig. 5, A and B, bottom right) . Insulin stimulation at 12 wk indicated that hepatic Akt-Ser 473 , Akt-Thr 308 , and GSK3␤-Ser 9 phosphorylations were significantly increased upon insulin stimulation in all the diet groups (Fig. 6A) ; however, they were blunted by the addition of sugary water in LFWD-and HFWDfed mice (Fig. 6A) . Consistent with our ITT data, we observed the lowest level of insulin stimulated Akt-Ser and GSK3␤-Ser 9 in the liver from mice in the HFWDϩF/S group (Fig. 6A) . Furthermore, insulin failed to stimulate adipose Akt-Ser 473 , Akt-Thr 308 , and GSK3␤-Ser 9 phosphorylations in HFWDϩF/S-fed mice (Fig. 6B) . Taken together, our data indicated that consumption of sugary water accelerates HFWD-induced glucose intolerance and exacerbates HFWDinduced insulin resistance in mice.
Effects of diets on the hepatic gene expression. Our observation that consumption of sugary water differentially effected normalized liver weight, glucose tolerance, and insulin resistance suggested a hepatic effect of sugary water consumption.
Thus, we examined the temporal changes in expression of hepatic genes regulating lipid metabolism, inflammation, oxidative stress, apoptosis, cell cycle, and fibrosis using quantitative (q)PCR. The hepatic genes were chosen based on major pathological changes observed in NAFLD. To visualize only significant changes to the expression of the genes compared with the LFWD group, we constructed a Venn diagram (Fig.  7A left) , and fold changes and P values can be found in Supplemental Table S1 (supplemental material can be found in the online version of this article). Individual lipid metabolism genes were differentially regulated across the groups at 2 Night   ZT1  ZT5  ZT9  ZT13  ZT17  ZT21  ZT1  ZT5  ZT9  ZT13  ZT17  ZT21   Day  Night  Day  Night   ZT1  ZT5  ZT9  ZT13  ZT17  ZT21  ZT1  ZT5  ZT9  ZT13  ZT17 wk; however, a small set (8/62) overlapped between the LFWDϩF/S, HFWD, and HFWDϩF/S groups. We observed that significant reductions in the expression of genes regulating apoptosis occurred in all the diet groups (Fig. 7A left, and Supplemental Table S1 ). For genes regulating cell cycle and oxidative stress, no consistent changes to expression were observed across the treatment groups (Fig. 7A left, and Supplemental Table S1 ). Noticeably, the expressions of genes regulating inflammation were not significantly changed in any of the treatment groups at 2 wk (Supplemental Table S1 ). , and GSK3␤ Ser 9 (pGSK3␤) phosphorylation, total Akt, and GSK3␤ representative blots (A) and means Ϯ SE (B) of insulin-stimulated LFWD-fed mice. C and D: insulin-stimulated adipose AktS473, AktT308, and GSK3␤ phosphorylation, total Akt, and GSK3␤ representative blots (C) and means Ϯ SE (D) of insulin-stimulated LFWD-fed mice. AktS473 and -T308 phosphorylations were normalized to total Akt; GSK3␤ phosphorylation was normalized to total GSK. Different letters indicate significantly different values at P Ͻ 0.05.
We next investigated the change in expression of the same hepatic genes at 12 wk. Again, a Venn diagram was constructed to represent only significant changes to the expression of genes compared with the LFWD group (Fig. 7A right) . Analysis of genes regulating lipid metabolism revealed that Acox1, PGC1␣, MTTP, PPAR␣, and Apo C-III were differentially regulated in the LFWDϩF/S and HFWD groups (Fig.  7A right, and Supplemental Table S2 ). In contrast, IRS-2 and SREBP-1were significantly reduced only in the HFWDϩF/S group. Significant reductions (Ͼ2-fold) in the expression of genes regulating glucose metabolism, G6P and PCK, overlapped between the HFWD and HFWDϩF/S groups (Fig. 7A right, and Supplemental Table S2 ). For inflammation associated genes, we observed that TNF␣ gene expression was significantly increased in all the treatment groups, yet the highest level of expression was observed in the HFWDϩF/S group (3.5-fold; Supplemental Table S2 ). In addition, substantial increases in gene expression of greater than 3-fold in MIP1␣ was observed exclusively in the HFWDϩF/S group (Supplemental Table S2 ). Significant changes to the expression of cell cycle and apoptosis function genes (BNIP3, GADD45, and FASL) were primarily observed in the HFWD groups (Fig.  7A right) . Analysis of genes with an oxidative stress function revealed that expression of hepatic Nox4 was significantly decreased only in the HFWDϩF/S group (Fig. 7A right, insulin-stimulated hepatic AktS473, AktT308, and GSK3␤ pGSK3␤ phosphorylation, total Akt, and GSK3␤ representative blots (A) and means Ϯ SE (B) of insulinstimulated LFWD-fed mice. C and D: insulin-stimulated adipose AktS473, AktT308, and GSK3␤ phosphorylation, total Akt, and GSK3␤ representative blots (C) and -means Ϯ SE (D) of insulin-stimulated LFWD-fed mice. AktSer473 and -T308 phosphorylations were normalized to total Akt; GSK3␤ phosphorylation was normalized to total GSK. Different letters indicate significantly different values at P Ͻ 0.05.
(collagen 1a2, collagen 3a1, and TGF␤) showed that a significant increase in the expression of these genes occurred only in the HFWDϩF/S group (Fig. 7A right, and Supplemental Table S2 ). Taken together, our data demonstrate that significant increases in expression to inflammation, oxidative stress and fibrosis genes are concentrated in the liver from the HFWDϩF/S group. Hepatic steatosis. We investigated the role of sugar in the drinking water on Western diet-induced hepatic steatosis. Histological scoring of stained liver tissue sections from the diet treatment groups at 2 wk revealed that the steatosis score was significantly elevated in the HFWDϩF/S group compared with the HFWDϩF/S group but not the LFWD and LFWDϩF/S groups (Fig. 7, B and C left) . However, the liver TG level was significantly elevated in the HFWDϩF/S group compared with all other dietary treatments (Fig. 7D left) . At 12 wk, the steatosis score was significantly elevated in the HFWDϩF/S groups compared with the LFWD and LFWDϩF/S groups, yet statistical significance (␣ ϭ 0.05) was not reached compared with the HFWD group (Fig. 7, B and C right) . In contrast, a significant difference in liver TG level was observed between the HFWD and HFWDϩF/S groups (Fig. 7D right) .
Hepatic inflammation and oxidative stress. The role of sugar in the drinking water on Western diet-induced hepatic inflammation was investigated. Histological examination of stained liver sections at 2 wk indicated an absence in inflammation only in the HFWD group (Fig. 7E left) . The HFWDϩF/S group had the greatest number of animals with inflammation, although statistical significance (␣ ϭ 0.05) was not reached (Fig. 7E left) . The inflammation score increased from 2 to 12 wk in all of the diet treatment groups, although there were no significant differences in inflammation score between groups at 12 wk (Fig. 7E right) . To further investigate hepatic inflammation, JNK phosphorylation was assessed. A significant increase in phospho-JNK was detected only in the HFWDϩF/S group (Fig. 7F) . Taken together, our data do not fully support that hepatic inflammation is concentrated in the HFWDϩF/S group.
Next, we examined the role of sugar in the drinking water on hepatic oxidative stress, which is thought to play a key role in progression of NAFLD from steatosis to steatohepatitis (24) . Examination of liver tissue from mice in the LFWDϩF/S and HFWDϩF/S groups showed significantly elevated staining for 4-HNE, a highly reactive aldehyde generated by exposure of polyunsaturated fatty acids to peroxides and reactive oxygen species (Fig. 8A) . In contrast, we observed that hepatic total SOD activity was significantly decreased only in the HFWDϩF/S group (Fig. 8B) . NADPH oxidase subunit protein expression was elevated for p22 phox protein and decreased for p47 phox and gp91 phox across all diet treatments compared with the control diet (Fig. 8C) . Taken together, our data do not strongly indicate that hepatic oxidative stress is exacerbated by the addition of sugary water in HFWD-fed mice.
Hepatic apoptosis. Apoptosis is a characteristic marker for the progression of steatosis to steatohepatitis. It is associated with an inflammatory response and is thought to play a critical role in the development of fibrosis (22) . Analysis of TUNELpositive hepatocytes in liver sections from mice fed the diets for 12 wk revealed significantly elevated TUNEL-positive hepatocytes in the HFWDϩF/S group compared with the LFWDϩF/S group. However, the HFWDϩF/S group was not significantly different (␣ ϭ 0.05) compared with the LFWD and HFWD groups (Fig. 9A) . Apoptosis was further examined by assessing caspase-3 and -9 total and cleaved protein levels. A significant increase in total but not cleaved caspase-9 was observed only in the HFWDϩF/S group compared with all other groups (Fig. 9B) . There was no change in total caspase-3 in any of the diet groups. However, cleaved caspase-3 was significantly reduced in the HFWDϩF/S groups. Taken together, our data suggest that hepatic apoptosis is modulated by the addition of sugary water in HFWD-fed mice.
Hepatic fibrosis. Next, hepatic fibrosis was investigated in the mice fed the diets for 12 wk. Eighty-six percent of the mice in the HFWDϩF/S group developed fibrosis compared with only 33% in the LFWD group (Fig. 9C) . Furthermore, only HFWDϩF/S-fed mice developed the most severe type of fibrosis (Fig. 9D) . Protein expression of collagen I, an important marker of hepatic fibrosis, was greatest in the HFWDϩF/S group, although it did not reach statistical significance at ␣ ϭ 0.05 (Fig. 9E) . Finally, we tallied steatosis, inflammation, and fibrosis scores for each animal to generate a NAFLD total score. As shown in Fig. 9F , the HFWDϩF/S group had a significantly greater NAFLD total score at 12 wk. Thus, consumption of sugary water appears to exacerbate NAFLD in HFWD-fed mice.
Effects of diets on adipose RNA expression. Our observation that eWAT expansion was impaired in the HFWDϩF/S group but not the HFWD group (Table 1) suggested that sugary water consumption differential affected the eWAT adipose depot in Western diet fed-mice. Thus, we examined, using qPCR, the temporal changes in expression of adipose genes regulating lipid metabolism, inflammation, oxidative stress, apoptosis, and cell cycle, which are known to be modulated by overnutrition (41) . To visualize only significant changes to the expression of the genes, we constructed a Venn diagram (Fig.  10A left) , while fold changes and P values can be found in Supplemental Table S3 . Analysis of adipose genes revealed that individual lipid metabolism genes were differentially regulated across the groups at 2 wk. However, a small subset (3/20) of lipid metabolism genes overlapped among the LFWDϩF/S, HFWD, and HFWDϩF/S groups (Fig. 10A left, and Supplemental Table S3 ). Similar results were observed in the expression of genes regulating oxidative stress (SOD2, Hmox1, NCF, and Nrf2; Fig. 10A left, and Supplemental Table  S3 ). For genes regulating inflammation, we observed that only IL-6 gene expression was significantly increased in all of the treatment groups at 2 wk, yet the highest level of expression was observed in the LFWDϩF/S group (3.1-fold; Supplemental Table S3 ). However, no consistent changes to expression of genes regulating cell cycle and apoptosis were observed across the treatment groups (Fig. 10A left, and Supplemental Table S3 ).
We next investigated the change in expression of the same adipose genes at 12 wk. Again, a Venn diagram was constructed to represent only significant changes to the expression (Fig. 10A right) . Changes to genes regulating lipid metabolism were concentrated in HFWD and HFWDϩF/S groups at 12 wk; however, a unique group (CEBP␣, SREBP1, ATGL, and SCD-1) was observed significantly reduced only in the HFWDϩF/S group at 12 wk (Fig. 10A right, and Supplemental Table S4 ). Interestingly, adiponectin was also significantly reduced only in HFWDϩF/S group at 12 wk (Fig. 10A right Table S4 ). Consistent with the RNA expression, protein levels of adipose SCD-1, ATGL, and adiponectin were significantly reduced in the HFWDϩF/S group compared with control group (Fig. 10, B and C) .
A significant increase (Ͼ2-fold) in the expression of genes regulating inflammation (IL1␤, MIP1␣, and TNF␣) overlapped between the HFWD and HFWDϩF/S groups (Fig. 10A right, and Supplemental Table S4 ). Similar results were observed in the expression of genes regulating oxidative stress (p22 phox , p91 phox , p47 phox , p67 phox , Hmox1, and Nrf2) in the HFWD and HFWDϩF/S groups at 12 wk (Fig. 10A right, and Supplemental Table S4 ). Furthermore, a significant increase in the expression of genes regulating cell cycle (p21) was also observed in the HFWD and HFWDϩF/S groups. Consistent with this, gene expression of GADD45 and cyclin D1 were significantly increased in the HFWD and HFWDϩF/S groups, respectively (Fig. 10A right, and Supplemental Table S4 ). No significant changes were observed in the expression of genes regulating apoptosis in any treatment groups at 12 wk (Supplemental Table S4 ). Analysis of PKC isoform expression at 12 wk (Fig. 10A , right, and Supplemental Table S4 ) revealed that a significant increase (Ͼ2-fold) in the expression of PKC␤ and PKC␦ overlapped between the HFWD and HFWDϩF/S groups, whereas a surprising, significant decrease (Ͼ2-fold) in the expression of PKCε was observed only in HFWDϩF/S group. Adipocyte size. To determine whether hypertrophy played a role in fat accumulation in the HFWD and HFWDϩF/S groups, we measured adipocyte diameter in the eWAT from mice at 2 and 12 wk. A significant increase was observed at 2 wk in the diameter of eWAT adipocytes in the HFWDϩF/S group compared with the LFWD and HFWD groups (Fig. 11,  A and B top left) . However, the diameter of eWAT adipocytes at 12 wk in the HFWDϩF/S group was not significantly different from those in the HFWD group (Fig. 11, A and B top right). Adipose macrophage-containing crown-like structures and inflammation gene expression. We next investigated the inflammatory status of eWAT, since low-level chronic inflammation and macrophage infiltration into WAT is a well-documented phenomenon in obesity (43) . Macrophage infiltration in WAT is characterized by the appearance of crown-like structures (CLS), which constitute proinflammatory macrophages surrounding dying adipocytes (30) . Therefore, to examine whether macrophage infiltration in eWAT is coincident with increased fat pad size and adipocyte hypertrophy, histological analysis using H&E and the macrophage marker F4/80 of eWAT was undertaken to assess CLS. No differences were observed in the number of CLS in the HFWD group compared with the LFWD group (Fig. 11, A and B, bottom) . In contrast, a significant 12-fold increase in CLS was observed in the HFWDϩF/S compared with LFWD and HFWD groups (Fig.  11B bottom) . The presence of macrophages in the CLS was confirmed using the murine macrophage-specific marker F4/80 (Fig. 11C) . To investigate the disparity in CLS in eWAT from the HFWD and HFWDϩF/S groups, proinflammatory gene expression in the eWAT was determined. As shown in Fig.  11D , proinflammatory gene expression was elevated in the HFWDϩF/S group. However, only MIP1␣ was significantly elevated (ϳ15-fold) in the HFWDϩF/S group. TNF␣ gene expression was significantly elevated in the HFWDϩF/S groups compared with the LFWD and LFWDϩF/S groups, yet statistical significance (␣ ϭ 0.05) was not reached compared with the HFWD group. Taken together with our adipocyte size data, a HFWD induces adipocyte hypertrophy and consumption of sugary water exacerbates HFWD-induced adipose tissue inflammation.
Adipose tissue dynamics. Our normalized eWAT and adipocyte diameter data suggested that dynamic changes to the eWAT depot were occurring in the groups and in particular with the HFWD-and HFWDϩF/S-fed mice between 2 and 12 wk. To further explore the dynamic changes, we determined the area of the adipocytes in the eWAT from HFWD-, HFWDϩF/S-fed mice, and LFWD-fed mice as a control, at 2 and 12 wk and plotted the data by the mean frequency of the area for 2,000 to 12,000 adipocytes per fat pad. As shown in Fig. 12A left) , the distribution of the frequency of adipocytes was not significantly different from 2 to 12 wk in LFWD-fed mice. In contrast, there was a highly significant shift in the area of adipocytes from 2 to 12 wk in HFWD-fed mice (Fig. 12A  middle) , indicating that 12 wk HFWD-fed mice have larger adipocytes. We also observed that the distribution was significantly different from 2 to 12 wk in HFWDϩF/S-fed mice (Fig. 12A right) . Consistent with the adipocyte diameter data, the distribution of adipocyte area was shifted in the HFWDϩF/S group compared with the LFWD and HFWD groups at 2 wk (data not shown). Taken together, our adipocyte diameter and area data suggest a role for hypertrophy in the expansion of the eWAT from 2 to 12 wk and acceleration in hypertrophy in the HFWDϩF/S group. To further investigate the expansion of the eWAT depots from 2 to 12 wk, we examined the relationship between eWAT average adipocyte area and adipose tissue weight as described by MacDougald's group (25, 26, 32) . The correlation between average adipocyte area and adipose tissue weight between treatment groups provided information on the adipocyte number and size (25) . As shown in Fig. 12B left, the relationship between average adipocyte area and eWAT weight was virtually identical in LFWD-fed mice from 2 to 12 wk. In HFWDfed mice the dramatic shift in eWAT weight from 2 to 12 wk was accompanied by a steeper slope in the 12-wk-fed mice compared with the 2-wk-fed mice, although the slopes were the eWAT adipocyte area confirmed these results. When hyperplasia in addition to hypertrophy was examined as described by MacDougald's group (25), we observed differential changes to the relationship between average adipocyte area and eWAT weight in HFWD-and HFWDϩF/S-fed mice from 2 to 12 wk (a steeper slope vs. a flatter slope, respectively). Thus, there are differences between eWAT adipose dynamics in the mice consuming sugary water and a HFWD compared with those just consuming a HFWD. The mechanism by which sugary drink consumption limits expandability of the adipose tissue is not known; however, it has been suggested that fibrosis, accumulation of extracellular matrix, and capillary vascularization may play a role in limiting adipose tissue expansion (17) . Our data suggest that an early hypoxia response in the eWAT leads to reduced vascularization and increased fibrosis in the HFWDϩF/S-fed mice. In the HFWD-fed mice, an early hypoxia response was also observed, but it was not accompanied by elevated expression of LOX or Col6a1, although Col1a1 gene expression was elevated at 12 wk. Our observation that Ang1 and VEGF were significantly elevated in LFWDϩF/Sfed mice compared with LFWD-fed mice at 2 and 12 wk, respectively, suggests that eWAT expands in a healthy manner in LFWDϩF/S-fed mice (36) . To assess whether the adipose tissue expansion in our study was consistent with a pathological expansion (43), we examined the inflammatory status of eWAT. Compared with other groups, adipose tissue of HFWDϩF/S-fed mice showed more profound inflammation, as shown by a dramatic increase in CLS formation and the expression of MIP-1␣ and TNF␣. It has been proposed that T cell activation and recruitment within adipose tissue is an underlying cause of macrophage infiltration and eWAT inflammation (5, 34) . Whether T cell activation and recruitment within adipose tissue mediates eWAT inflammation in mice consuming sugary water with a HFWD is not known.
In the present study, HFWDϩF/S-fed mice had a significantly higher normalized liver weight, hepatic TG concentration, serum ALT level, and histological steatosis grade at as early as 2 wk compared with the other groups, which suggested that NAFLD progression was more pronounced in the HFWDϩF/S-fed mice. Consistent with this conclusion, hepatic gene expression of proinflammatory molecules was markedly increased in the HFWDϩF/S group, as were phospho-JNK protein levels. Finally, in our study, 86% of the mice in the HFWDϩF/S group developed fibrosis of varying degrees, and the most severe type of fibrosis was observed in the HFWDϩF/S-fed mice. Increased hepatic expression of genes regulating fibrosis (collagen 1a2, collagen 3a1, and TGF␤) and protein expression of collagen I was observed in HFWDϩF/ S-fed mice. Taken together, our data confirm and expand upon the work that consumption of sugary water in Western diet-fed mice leads to hepatic dysfunction. Thus, the combination of liquid sugar and high-fat accelerates liver disease from steatosis toward NASH.
Even though fructose is well known to be lipogenic, it is not known whether chronic consumption of a sugary drink containing fructose and sucrose leads to NAFLD in mice fed a LFWD. Our results indicate that substrate utilization in the day and night phases is acutely affected in mice consuming the sugary water. Furthermore, consumption of a fructose and sucrose sugary drink leads to robust changes in lipid metabolism gene expression in liver and adipose tissues. However, glucose tolerance, insulin resistance, liver dysfunction, and adipose inflammation were not modulated in the LFWDϩF/S group, suggesting that F/S alone is not responsible for the changes we observed.
A strength of our study was the analysis of metabolic data and NAFLD at two time points. The study design allowed us to assess metabolic, histological, and gene expression changes over time in adipose and liver tissues. We found that HFWDϩF/S resulted in significant obesity, insulin resistance, steatosis, and adipocyte hypertrophy as early as 2 wk, and inflammatory and fibrotic changes that were not observed in mice fed HFWD at 12 wk. Importantly, because we assessed adipose tissue at two time points, we were able to observe dynamic histological and gene expression changes, which correlated with the severity of hepatic dysfunction. Our observation that adiponectin was reduced at the gene expression and protein levels in the HFWDϩF/S group suggests that adiponectin may be a potential link between adipose tissue dysfunction and NAFLD progression. This hypothesis is consistent with the known role of adiponectin in modulating steatosis, inflammation, and fibrosis (9) . However, further experimentation is required to determine whether a reduction in adiponectin mediates the effects of the HFWDϩF/S combination in NAFLD progression.
A limitation of our study was that adipose tissue depot expansion was assessed only in eWAT. It is not known whether adipose tissue expansion in other depots is modulated by consumption of sugary water in HFWD-fed mice. Other limitations include a lack of baseline body and organ weight, serum parameters, and insulin sensitivity measurements and Fig. 13 . Model of the metabolic and pathophysiological effect of consuming a HFWD ϩ sugary drinking water in mice. Events are 1) acute hyperphagic response to consumption of the diet in the absence of changes to energy expenditure is observed at 24 h and after 2 wk on the diet; 2) rapid eWAT expansion; 3) inability of eWAT to further expand, coupled with liver and adipose insulin resistance; and 4) adipose and liver dysfunction characterized by inflammation and progression to nonalcoholic steatohepatitis (NASH), respectively. The interaction between dysfunctional adipose tissue and the liver is still not fully known (dashed line).
the length of our study (12 wk) . It is possible that we would have observed greater hepatic fibrosis development in the animals if the diet treatment had been for a longer duration. Finally, our study suggests a model (Fig. 13 ) in which the combination of a HFWD with F/S in the drinking water can induce hyperphagia and circadian disruption of the feeding cycle in the absence of changes in energy expenditure, which modulates adipose tissue expansion and dysfunction leading to hepatic steatosis, inflammation, glucose intolerance, insulin resistance, and hepatic fibrosis that is consistent with progression to NASH. In conclusion, our data indicate that the high fat Western diet plus liquid sugar consumption model of obesity is a good model for NAFLD research and likely other clinical conditions associated with adipose tissue dysfunction.
